This paper describes a micro cantilever integrated with a pyroelectric infrared detector for non-contact scanning thermal microscopy (SThM). Pb(Zr,Ti)O 3 (PZT) was deposited on the cantilever tip with a sol-gel method as a pyroelectric sensor. An X-ray diffraction (XRD) pattern of the deposited PZT film clearly indicated PZT (111) peak. A full width of half maximum intensity (FWHM) of 3.34° was achieved in the rocking curve of PZT (111) peak. The fabricated device was verified with a chopped infrared light. As a result, we succeeded to detect the switching of the thermal source with the cantilever experimentally.
Introduction
Nowadays, minimum feature size of the feed lines in a microelectronic device reaches several tens nm. A current density through the feed line tends to increase exponentially. The microelectronic device suffers from the disconnection failure of the feed line due to an electromigration [1] [2] .
An atomic force microscope (AFM) integrated with a thermo coupler have been reported in 1980s [3] , and is accepted widely as a scanning thermal microscope (SThM) today [4] [5] [6] . Application of the SThM for an analysis of the failure due to the electromigration has been reported in 1990s as well [4] [5] 7] . However, such SThM have to be contact or extremely close to the specimen, and impede the device operation thermally and electrically.
In this study, we propose a non-contact diagnosis system of the failure due to the electromigration based on the scanning probe microscope (SPM) with a Pb(Zr,Ti)O 3 (PZT) film. Pyroelectric infrared sensors are mature technology to obtain the thermal image contactlessly [8] [9] [10] [11] [12] [13] . A PZT thin film is also actively researched for a pyroelectric material, and is established to deposit with high compatibility for the micromachining [14] [15] [16] . Figure 1 shows a schematic illustration of the non-contact thermal diagnostic system we propose. When the feed line is thin down by the electromigration and heats up, the PZT based infrared sensor can detect this heat as an infrared radiation. Thermal distribution of the specimen can be obtained as a spatial image by scanning the cantilever. Superimposing the obtained image to the CAD patterns, the failure positions can be identified precisely.
In this report, deposition technique of the PZT thin film on the silicon (Si) substrate was 
Deposition of the PZT film

Deposition techniques
The PZT film can be deposited on the substrate using various techniques [17] [18] [19] . We compared the sputtering technique with the sol-gel method as a technique to deposit the PZT film on the micro electromechanical systems (MEMS) device.
Optimized conditions of the sputtering are listed in Table I . Pt/Ti was deposited on the thermally-oxidized Si substrate for seed layers before the PZT deposition. The deposited PZT film was annealed at 700 ºC for 10 min. using a rapid thermal annealing (RTA) (Thermo Riko: IVF298W). Table II shows optimal conditions of the sol-gel method. For comparison, the Pt/Ti film was also deposited on the thermally-oxidized Si. In the so-gel method, the deposition of the film is achieved by three steps, which are the 1 st coating, the 2 nd coating, and the curing. In the 1 st and 2 nd coating, nucleation and generation of the PZT were performed, respectively.
Repeating the 2 nd step, thick PZT film (>1 μm) can be obtained. Figure 2 shows a comparison between the PZT films deposited with sputtering or sol-gel method using an X-ray diffraction (XRD) (JEOL: JDX-3530). In this evaluation, the thickness of the film deposited using the sputtering technique and the sol-gel method were 500 nm and 180 nm, respectively.
Film evaluation
From Fig. 2 , the peak of the PZT (111) was observed clearly in each film, and it was confirmed that the stronger peak was obtained from the film deposited with the sol-gel method than the sputtered film. The peak of the PZT (111) was asymmetry in the sputtered film. This is considered to be due to the declination from the ideal composition of the PZT caused by the deoxidization during the sputtering.
Figure 3(a) shows each peak of the PZT film deposited using the sol-gel method. In this Figure 4 shows a fabrication flow of the micro cantilever integrating the pyroelectric infrared detector. After RCA cleaning (Fig. 4(a) ), silicon dioxide (SiO 2 ) was grown with thermal oxidization and patterned using a photolithographic way (Fig. 4(b) ). Then, Pt/Ti, PZT and Au/Cr were deposited and patterned, respectively (Fig. 4(c), (d) and (e) ). The Pt/Ti and the Au/Cr films were not only used for the top and bottom electrodes of the detector, but also used for feed lines and contact pads. Lastly, the cantilever was released using a deep reactive ion etching (RIE) (Fig. 4(f) and (g) ). An optical micrograph of the cantilever is shown in Fig. 5 . A thickness and a size of the cantilever were 10 μm and 600 μm × 100 μm, respectively. The fabricated cantilever was demonstrated with the setup illustrated in Fig. 6 . As a thermal source, an infrared light with the wavelength of 940 nm (OptoSupply LTD.: OSI5FU3A11C) was used. The light was chopped electrically by a switching device. The output from the device was not amplified. In this demonstration, we prepared the two type detectors with different area size, which were 20 μm × 20 μm and 80 μm × 80 μm. PZT (110) PZT (111) Pt (111) PZT (200) PZT (211) Si(100)
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μm × 20 μm, the current output could not be detected. 
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The relationship between the scan speed and the sensor response was also verified using the setup as shown in Fig. 8 . The detector was put in an Al case and covered by a plate with an aperture of φ 3 mm. The case was set on a numerical controlled (NC) precise stage and moved along a guide rail with a length of 20 mm. The motion of the stage and the output of the detector were controlled and acquired by a GPIB based system. Figure 9 shows output currents of the detector when scan speed were 1 mm/s and 5 mm/s. Solid lines shown in Fig. 9 indicate the theoretical outputs derived from two differential equations as follows: Fig. 8 . Experimental setup to evaluate the micromachined pyroelectric detector Fig. 9 . Relationship between the scan speed and the output current using the fabricated detector where W, H, G, and θ in Eq (1) are incident energy, heat capacity, heat conductance, and increase of the temperature of the detector, respectively, and A and p in Eq (2) are area size and pyroelectric coefficient of the material, respectively. The W was approximated by the Gaussian distributed function by assuming that the incident of the infrared light from the aperture.
From Fig. 9 , the output current was obtained with the scan speed of 5 mm/s though the output could not be detected when decreasing the scan speed to 1 mm/s. This is caused by that heat dissipation could not be ignored with the low scan speed due to the low heat capacity of the detector. For comparison, Figure 10 shows the results measured by the same setup using a commercial bulk PZT ceramic (NEC Tokin : PZT N-6), which size were 5 mm × 5 mm × 0.5 mm. These results indicated the good agreement with the theoretical curve even when the scan speed was 1 mm/s.
Conclusion
We developed a micro cantilever integrated with a pyroelectric infrared detector to contactlessly diagnose the failure of microelectronics. This device was fabricated using a silicon bulk micromachining, and is also attractive for size-and cost-reduction in practical use.
As a pyroelectric sensor, a Pb(Zr,Ti)O 3 (PZT) film was deposited on the cantilever tip with sol-gel method. An X-ray diffraction (XRD) pattern of the deposited film clearly indicated PZT (111) peak. A full width of half maximum intensity (FWHM) of 3.34° was achieved in the rocking curve of the peak of PZT (111).
The fabricated device was evaluated with a chopped infrared light. We succeeded to detect the switching of the thermal source. In addition, a relationship between the scan speed and the output current was verified. It was confirmed that high speed scan was required depending on the heat capacity of the detector.
